The universal, but catalytically modest, CO 2 -fixing enzyme Rubisco is currently experiencing intense interest by researchers aiming to enhance crop photosynthesis. These efforts are mostly focused on the highly conserved hexadecameric enzyme found in land plants. In comparison, prokaryotic organisms harbor a far greater diversity in Rubisco forms. Recent work towards improving our appreciation of microbial Rubisco properties and harnessing their potential is surveyed. New structural models are providing informative glimpses into catalytic subtleties and diverse oligomeric states. Ongoing characterization is informing us about the conservation of constraints, such as sugar phosphate inhibition and the associated dependence on Rubisco activase helper proteins. Prokaryotic Rubiscos operate under a far wider range of metabolic contexts than the photosynthetic function of higher plant enzymes. Relaxed selection pressures may have resulted in the exploration of a larger volume of sequence space than permitted in organisms performing oxygenic photosynthesis. To tap into the potential of microbial Rubiscos, in vivo selection systems are being used to discover functional metagenomic Rubiscos. Various directed evolution systems to optimize their function have been developed. It is anticipated that this approach will provide access to biotechnologically valuable enzymes that cannot be encountered in the higher plant Rubisco space.
INTRODUCTION
Ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco), the enzyme catalyzing the first step of the Calvin-BensonBassham (CBB) cycle, is responsible for the vast majority of biological CO 2 uptake and thus biomass production on earth. All Rubiscos share a common ancestor that evolved in a CO 2 -rich atmosphere devoid of oxygen (Whitney, Houtz and Alonso 2011) . The progeny of this Ur-Rubisco (Ur-meaning ancestral or original) is the predominant CO 2 -fixing engine in all domains of life, from metabolically versatile bacteria and archaea to higher plants and the myriad of eukaryotic phytoplankton. Consequently, all Rubiscos utilize a conserved reaction mechanism (Cleland et al. 1998) to catalyze the carboxylation of ribulose-1,5-bisphosphate (RuBP) resulting in the production of two molecules of 3-phosphoglycerate (Andrews and Lorimer 1987) . In spite of its central metabolic position, Rubisco is not primed for optimal performance possessing low catalytic turnover numbers (2-6 s −1 in higher plants) and dual substrate specificity (CO 2 and O 2 ), which results in a non-productive oxygenase reaction (Andrews, Lorimer and Tolbert 1973) . To maintain sufficient CO 2 fixation flux, autotrophic organisms invest a large amount of resources into expression of Rubisco, possibly making it the most abundant protein on earth (Ellis 1979; Raven 2013) . It has long been recognized that the photosynthetic efficiency of crop plants could be significantly enhanced if the kinetics of the enzyme were improved (Spreitzer and Salvucci 2002; Whitney, Houtz and Alonso 2011; Parry et al. 2013) . Most impressive support for the potential of Rubisco engineering comes from the enhanced growth of plants at elevated levels of CO 2 (Ainsworth and Long 2005) , and the many diverse photorespiratory compensation mechanisms that have evolved to concentrate carbon dioxide at the active site of the enzyme (Sage 2013) .
Recently, it has become apparent that significant variation in the catalytic parameters of higher plants Rubisco exists (Galmes et al. 2005) , and that the few crops we grow worldwide are essentially historically dependent on an enzyme that evolved in a very specific geographic location. This has led to intense efforts to survey higher plant Rubisco kinetics (Orr et al. 2016; Sharwood, Ghannoum and Whitney 2016) with the ultimate goal of engineering crops possessing climate optimized Rubisco . However, the last common ancestor of plant Rubisco is of relatively recent origin, being derived from the primary endosymbiont. Consequently, the vast majority of sequence diversity is found in the prokaryotic realm (Watson and Tabita 1997; Tabita 1999; Tabita et al. 2007 Tabita et al. , 2008 Wrighton et al. 2012 Wrighton et al. , 2016 . In addition, production of prokaryotic Rubisco in the higher plant chloroplast, successfully coupled to CO 2 assimilation, is achievable (Whitney and Andrews 2001; Lin et al. 2014; Wilson, Alonso and Whitney 2016) . These successes can likely be attributed to relaxed folding and assembly requirements of prokaryotic enzymes, compared to their eukaryotic counterparts (Joshi et al. 2015; Bracher et al. 2017 ). Here we aim to survey recent progress in enhancing our appreciation of the prokaryotic Rubisco world and highlight its potential in contributing to our synthetic biology future.
The molecular diversity of Rubisco
All Rubiscos are composed of assemblies of the basic unit, consisting of an antiparallel dimer of 50-55 kDa large subunits, which contain all residues required for catalysis. A large subunit dimer contains two active sites, both formed by the N-terminal domain of one subunit and the C-terminal αβ-barrel domain of the other. In Fig. 1 , we present a phylogenetic tree of representative Rubisco large subunit sequences, which gives a good impression of the relative molecular diversity present in primary structures. The most widely studied clade of Rubisco is the Form I enzymes, where large subunit dimers assemble with small (12-18 kDa) subunits in a hexadecameric (L 8 S 8 ) arrangement ( Fig. 2A ) (Table 1) . Form I Rubisco large subunit sequences clearly subdivide into four clades within two groups known as green-type (IA and IB) and red-type (IC and ID) Rubiscos (Fig. 1) , whose large subunits are about 50% identical to each other (Delwiche and Palmer 1996) .
The majority of sequence diversity is found in the remaining clades, which form assemblies of dimers (L 2 ) n , where n ranges from 1 to 5. Form III and II/III were initially discovered in archaea, but have now also been found in bacteria of the candidate phyla radiation (CPR) (Wrighton et al. 2012 (Wrighton et al. , 2016 , presumably as a result of horizontal gene transfer. The Form II clade is distributed widely among proteobacteria. By far, the most diverse set of Rubisco-related sequences is the Form IV/Rubisco-like protein clade ). However, they are not carboxylases but function as enolases on various substrates (Ashida et al. 2003; Erb et al. 2012) , and will thus not be considered further here.
Higher plant large subunit sequences represent a miniscule slice of the Rubisco cake, a small fraction of the Form IB subtype where large subunit amino acid sequence identities generally exceed 90% (branches shown in green in Fig. 1) . In contrast, different groups of bacteria have been able to access all forms of Rubisco. Many proteobacteria encode multiple Rubisco forms in a single cell allowing them to finely tune their metabolism to prevailing CO 2 concentrations, energy and redox status (Kusian and Bowien 1997; Dubbs and Robert Tabita 2004; Yoshizawa et al. 2004; Badger and Bek 2008) . It follows that the volume of sequence space accessible to future Rubisco engineers will be vastly enhanced by expanding their focus on microbial enzymes (Voigt, Kauffman and Wang 2001) .
Considering the relative volumes of sequence space occupied by plant and microbial rubiscos (Fig. 1) , the latter have been much more sparsely sampled, and thus generalizing statements regarding their catalytic potential are likely to be premature. This assertion is supported by the great kinetic variety observed when multiple closely related enzymes are assayed as for instance illustrated by the red-type Form I Rubiscos (Horken and Tabita 1999; Young et al. 2016) . However, CO 2 /O 2 specificity factors (S C/O-the ratio between carboxylation and oxygenation efficiency) of microbial Rubiscos are generally lower than those found in higher plants or algae (Tcherkez, Farquhar and Andrews 2006; Savir et al. 2010 (Whitney and Andrews 1998; Spreitzer 2003) .
The numbers reported in the literature are in general consistent with the transition state theory of Tcherkez, Farquhar and Andrews (2006) , which hypothesizes a trade-off between carboxylation velocity versus K m (CO 2 ) and S C/O . This comes about as a result of an increased energy barrier for the cleavage step of the reaction in high S C/O enzymes that more tightly bind the transition state for carboxylation.
Novel structural insights
Similar to the work on kinetic parameters, structural work on Rubiscos has not systematically examined the diversity present in bacteria, with a majority of the Rubisco structures available in the protein data bank represented by the Form IB enzyme typical for higher plants (Andersson and Backlund 2008; Satagopan et al. 2014) . Hence, the structural variation inherent in the bacterial Rubisco world is only beginning to be appreciated.
A welcome contribution regarding this venture arrived recently via the addition of the first closed (transition state analogbound) Form II Rubisco structure from Rhodopseudomonas palustris (Satagopan et al. 2014) (Fig. 2A) , which was subsequently joined by a similar structure from an uncultivated Gallionellaceae species . These structures highlighted a previously unrecognized tendency for Form II enzymes to assemble as hexamers and critically provided information regarding the positioning of the large subunit C-terminus during catalysis. In 
The kinetic data (measured at 25 • C) is representative and non-comprehensive and was taken from (Jordan and Chollet 1985; Horken and Tabita 1999; Tcherkez, Farquhar and Andrews 2006; Yoshida et al. 2007; Shih et al. 2016; Wilson, Alonso and Whitney 2016; Young et al. 2016) .
Form I Rubiscos, this segment closes over the active site during each turnover, where it binds to a latch site (Duff, Andrews and Curmi 2000) . The new structures indicate that this is not the case in Form II Rubiscos, where the C-terminus is instead located at the apex of the large subunit dimer (Fig. 2B) . Since binding to the C-terminal latch is thought to be critical for active site stabilization, its absence may limit the S C/O range that can be achieved by Form II Rubiscos. In general, Rubiscos have been found to occupy monodisperse oligomeric states (an exception was reported early on for the Form II enzyme from Rhodobacter sphaeroides, which at high pH presented as a population of multiple, functional oligomeric states (Gibson and Tabita 1977) ). The Form II/III enzyme from Methanococcoides burtonii was shown to transition between dimeric and decameric states, which was triggered by binding of the substrate RuBP (Alonso et al. 2009 ). The crystal structure solved by Gunn and co-workers provided an elegant explanation for this phenomenon by highlighting an assembly motif formed by a 29 amino acid residue insertion in the Cterminal domain. The side chains of two aspartates in this motif co-ordinate an Mg 2+ ion, along with two acidic residues in α-helix 1 of the TIM barrel of the adjacent large subunit dimer (Fig. 2C) . Mutagenesis confirmed the role of the Mg 2+ ligand residues in the oligomeric state transition (Gunn, Valegård and Andersson 2017) , supporting earlier results, where deletion of the loop resulted in functional enzyme that was a constitutive dimer (Witte 2012) . This work highlights the potential importance of loop insertions, other examples of which are also found in other Form III and II/III enzymes (Wrighton et al. 2016) , and may also have been adapted for functions such as proteinprotein interactions. Finally, the increasing structural information for prokaryotic Rubiscos, which includes Form III structures that have been available for longer (Kitano et al. 2001) , is highlighting a great diversity in L 2 arrangements. This leads to dissimilar dimerdimer interfaces and variable dimer inclinations along the toroid plane (Satagopan et al. 2014; Gunn, Valegård and Andersson 2017) (Fig. 2A) . It is thus becoming apparent that outside the Form I clade, nature has discovered a range of options to concentrate large subunits dimers. It is to be expected that these variations will influence enzymatic properties and dynamics (van Lun, van der Spoel and Andersson 2011).
A widespread dependency on Rubisco activases
To become catalytically functional, a conserved lysine in the Rubisco active site (E) must become carbamylated by a nonsubstrate CO 2 (forming EC), which is followed by the binding of a Mg 2+ to complete formation of the holoenzyme (ECM) (Lorimer, Badger and Andrews 1976) (Fig. 3) . Rubisco participates in a wide range of side-or misfire reactions to produce a suite of phosphorylated sugar compounds (Pearce and Andrews 2003; Parry et al. 2008) . Some of these, and even the substrate RuBP, can tightly bind to both apo-and holoenzyme active sites to form dead-end inhibited complexes. ATP-driven molecular motors belonging to the AAA+ (ATPases associated with various cellular activities) protein family termed Rubisco activases (Rca) are required to remove these inhibitors and restore Rubisco activity (Fig. 3) . Decades of research have focused on elucidating the role of the higher plant 'green-type' Rca in the regulation and maintenance of Form IB Rubisco activity (Portis 2003; Portis et al. 2008; Stotz et al. 2011; Carmo-Silva et al. 2015) , but the importance of Rca in the bacterial realm has only recently become apparent (Mueller-Cajar 2017). Red-type Rca, the gene product of cbbX (Gibson and Tabita 1997) CbbQ hexamer was shown to associate with one CbbO adaptor protein to form a hetero-oligomeric Rca that could remodel the Rubisco encoded in the same operon (Sutter et al. 2015; Tsai et al. 2015) . Unactivated apo forms of red and green Form I Rubiscos all form stable binary complexes with RuBP (ER) that are then disrupted by their activase. In contrast, Form II rubiscos bind the inhibiting RuBP only weakly and were thus assumed not to require an activase (Jordan, Chollet and Ogren 1983; Tsai et al. 2015) . However, in the case of the CbbQO-associated Form II Rubisco from Acidithiobacillus ferrooxidans, the ECM holoenzyme rapidly lost activity under conditions of limiting CO 2 , consistent with the formation of an equilibrium between ECM and inactive complexes. Addition of the activase to these assays eliminated this activity loss, indicating that the function of the activase here is to constantly remove the weakly bound RuBP from apo active sites and favor the ECM state, in particular when CO 2 concentrations are limiting . The existence of sensitive biochemical assays for both Rubisco and ATPase function, as well as the well-defined protein substrate, makes Rca proteins highly amenable models to perform detailed structure-function relationships studies of diverse AAA+ motors. Experiments utilizing pure wild-type and variant Rca and Rubisco proteins are highlighting mechanistic similarities and differences between the Rca classes as reviewed recently (Bhat et al. 2017; Mueller-Cajar 2017) . Briefly, the redtype Rcas utilize a mechanism similar to Clp proteases, where the Rubisco large subunit C-terminus is threaded through the pore of the hexameric, disk-shaped Rca Loganathan, Tsai and Mueller-Cajar 2016) . Although the CbbQOtype Rcas also engage the RbcL C-terminus, a pore-loop threading mechanism appears not to be taking place. Instead, interactions of the CbbO adaptor protein with an acidic residue on the βC-βD loop of the RbcL N-terminal domain appear critical. This same loop has previously been shown to be targeted by higher plant Rca (Portis et al. 2008) . The high conservation of the closed Rubisco active site thus favored the convergent evolution of related mechanisms towards conformational rearrangement leading to inhibitor release (Mueller-Cajar 2017) .
The existence of at least three classes of Rca has highlighted that the problem of active site blockage by Rubisco's substrate and other sugar phosphates is extremely widespread, and may even be universal. This possibility implies that there may be more than three classes of Rca to be described.
One important Rubisco inhibitor is the stereoisomer of RuBP, xylulose 1,5-bisphosphate (XuBP). This compound is formed by Rubisco, when the enolized RuBP accepts a hydrogen, rather than attacking a carbon dioxide molecule (Zhu and Jensen 1991) . This compound is particularly problematic to Rubisco activity, since binding to the activated enzyme ECM results in displacement of the carbamyl CO 2 and Mg 2+ cofactor (Taylor, Fothergill and Andersson 1996) . Our appreciation of the universality of sugar phosphate inhibition was expanded significantly when Bracher and colleagues demonstrated that the gene product of cbbY, found in the Rubisco-encoding operon of the α-proteobacterium R. sphaeroides (Gibson and Tabita 1997) , was in fact a dedicated XuBP phosphatase (Bracher et al. 2015) . Importantly, the function of Arabidopsis CbbY was shown to be conserved, and homologs of cbbY can be found encoded in the genomes of a wide range of CBB cycle containing autotrophs (Bracher et al. 2015) . These results hint that the emerging field of metabolite repair, which is concerned with the recovery of damaged metabolites (Linster, Van Schaftingen and Hanson 2013; Hanson et al. 2016) , will receive abundant case studies concerning the machinery that has evolved to repair the metabolite damage caused by bacterial Rubiscos. In addition, some higher plants specifically synthesize the night-time inhibitor 2-carboxy-D-arabinitol 1-phosphate (CA1P) to regulate the carboxylase (Andralojc et al. 2012) . The presence and role of similar systems in regulating bacterial Rubiscos is largely unaddressed so far. However, initial evidence of metabolite-based regulation of the R. sphaeroides Form I Rubisco was obtained, where activity of the enzyme was lost reversibly following a shift from a photolithotrophic to a photoheterotrophic growth mode (Wang and Tabita 1992) . In contrast to inhibitor-based regulation of Rubisco, the transcriptional regulation of the enzyme in bacteria is much better understood and is apparently always controlled by the positive regulator CbbR (Kusian and Bowien 1997; Dubbs and Robert Tabita 2004; Dangel and Tabita 2015) . Here an interesting similarity can be observed regarding the signal for transcriptional and posttranslational regulation of Rubisco. Both R. sphaeroides CbbR and red-type Rca (CbbX) are activated by allosteric binding of Rubisco's substrate RuBP (Dangel et al. 2005; MuellerCajar et al. 2011) , rendering the regulators inactive under chemoheterotrophic growth conditions.
The varied metabolic role of prokaryotic Rubiscos
Higher plants almost exclusively utilize their Rubiscos for photosynthetic CO 2 assimilation in the context of the CBB cycle (although carbon reshuffling during seed-oil biosynthesis is an important exception (Schwender et al. 2004) ). In contrast, bacterial Rubiscos are utilized in more versatile metabolic settings.
Oxygenic photosynthesis is only found in cyanobacteria, the extant relatives of the plant chloroplast. The cyanobacterial Rubiscos operating in this 'plant-like' context belong to the greentype Form I (Form IA and Form IB) types, and appear to all be encapsulated in carboxysomes. In most cases, other bacterial Rubiscos also operate within the context of the CBB cycle, but the reducing equivalents are obtained from diverse sources. One case concerns dark carbon fixation by chemoautotrophic bacteria, where the organisms derive electrons for carbon fixation from a diverse group of reduced substrates ranging from hydrogen and sulfur to metals (Shively, van Keulen and Meijer 1998) . A particularly interesting case here concerns the aerobic β-proteobacterium Ra. eutropha, which possesses a high S c/o Form IC Rubisco (Satagopan and Tabita 2016) . Its ability to generate large amounts of reduced carbon from H 2 and CO 2 is exemplary of the potential of microbial rubiscos operating in high-flux non-photosynthetic contexts. Particularly exciting are translational developments coupling these properties to energy conversion from electricity (Li et al. 2012; Liu et al. 2016) .
Another example of 'unconventional' CBB cycle use concerns the photoheterotrophic growth of purple non-sulfur bacteria, where CBB cycle flux is required to oxidize reduced cofactors in addition to carbon fixation (Falcone and Tabita 1991; Laguna, Tabita and Alber 2011; Gordon and McKinlay 2014) . Notably, the same organisms can also grow under anaerobic photosynthetic conditions, where CO 2 assimilation is the goal of the cycle. In those species that contain multiple rubiscos, their relative abundance will be adjusted via the action of the regulator CbbR (Kusian and Bowien 1997; Dangel and Tabita 2015) .
It appears that using the CBB cycle as an electron sink is a generally important metabolic strategy as deduced by the existence of non-photosynthetic heterotrophic bacteria that contain complete suites of CBB genes (McKinlay and Harwood 2010) .
In archaea, Rubisco was found to operate in a non-CBB context as part of an adenosine monophosphate (AMP) scavenging pathway (Sato, Atomi and Imanaka 2007) . The ribose moiety was recycled by conversion to RuBP followed by subsequent carboxylation by Rubisco. This finding resolved the enigmatic presence of functional Rubisco in organisms lacking phosphoribulokinase (PRK) Tabita 2003, 2004) . Importantly, this metabolic context has now also been detected in bacteria, as indicated by the genomic content of uncultured members of the CPR (Wrighton et al. 2012 (Wrighton et al. , 2016 Campbell et al. 2013) . New metabolic contexts for Rubisco keep being discovered. Some methanogenic archaea do encode functional PRK (Mueller-Cajar and Badger 2007) , and it was demonstrated very recently that these organisms utilize PRK and Rubisco in a CBB-like pathway that involves the ribulose monophosphate pathway operating in reverse to produce ribulose 5-phosphate from fructose 6-phosphate via D-arabino-3-hexulose-6-phosphate (Kono et al. 2017) .
Finally, Rubisco may be performing critical moon-lighting functions, even when integrated in the CBB cycle. Recently, it was shown that in Rhodospirillum rubrum, Rubisco was essential to permit metabolism of 5-methylthioadenosine, when used as sole source of sulfur (Dey et al. 2015) . Complementation with Rubiscos belonging to all major phylogenetic groupings (Forms I-III) was able to confer this ability, implicating the Rubisco active site in a reaction of sulfur salvage metabolism that is yet to be pinpointed.
The above alternative functions in the microbial Rubisco realm indicate that these carboxylases were often not under the same intense selection pressure experienced by the enzymes of obligate photoautotrophs, and thus may have undergone neutral drift (Peisajovich and Tawfik 2007) . Genuine Rubiscos generally have a completely conserved set of 19 active site residues derived from the common ancestor (Hanson and Tabita 2001; Ashida, Danchin and Yokota 2005) . It is an exciting development that this rule appears to be breaking down to some extent in newly discovered bacterial sequences of the CPR (Wrighton et al. 2016 ). This raises the possibility that some of these Rubiscos have entered valleys in the landscape of sequence space that may in future be exited via the ascension of alternative fitness peaks (Mueller-Cajar and Whitney 2008 ). Here we envisage highly functional artificially evolved Rubiscos that do not possess the precise architecture of current Rubiscos, and thus may escape inherent constraints (Tcherkez, Farquhar and Andrews 2006) .
A first attempt to probe this hypothesis was performed recently with the in vitro evolution of the archaeal Form II/III Rubisco from M. burtonii (which evolved in the context of the AMP salvage pathway), followed by its introduction into tobacco (Wilson, Alonso and Whitney 2016) . The evolved enzymes were shown to be far better suited to oxygenic photosynthesis than the wild-type archaeal Rubisco, resulting in increased growth of the transformants (although still far removed from the performance of the wild-type tobacco enzyme).
Towards accessing Rubisco diversity
Given the critical importance of Rubisco in both photosynthetic and chemosynthetic contexts, and our appreciation regarding the extraordinary diversity in bacterial Rubisco form and function, an obvious question is how can we find the enzymes of translational value, the needle in the haystack? This is a pertinent point in an era, where metagenomic studies are yielding millions of protein sequences in the absence of biochemical data (Yooseph et al. 2007; Sunagawa et al. 2015) .
Here, Tabita and colleagues have initiated important studies aiming to access Nature's Rubisco treasure troves (Witte et al. 2010) . Their experiments rely on the availability of a R. capsulatus strain, where Rubisco has been deleted (Smith and Tabita 2003) . A first proof-of-concept study showed that metagenomic DNA obtained from the Gulf of Mexico encoding two Form IA Rubiscos could complement their selection strain (Witte et al. 2010) . This work was expanded upon and permitted the isolation of multiple functional Rubisco sequences (belonging to Form IA and Form II) from DNA derived from a hot spring photosynthetic biofilm and a groundwater subsurface aquifer. Critically, the decision to crystallize one of the isolated Form II Rubiscos doubled the number of closed Form II structures available to the community .
With the availability of alternative in vivo Rubisco selection methods based on the highly transformable Escherichia coli (Parikh et al. 2006; Mueller-Cajar, Morell and Whitney 2007; Antonovsky et al. 2016; Wilson and Whitney 2017) , as well as the possibility of evaluating a plethora of other photo-and chemosynthetic bacteria as selection hosts (Yoshida, Atomi and Imanaka 2007; Satagopan and Tabita 2016) , the stage is set to increase the throughput of this highly promising approach. An alternative methodology aimed at identifying metagenomic Rubiscos and associated chaperone machinery was described recently, where a metagenomic fosmid library constructed from environmental DNA was transformed into E. coli and evaluated for Rubisco activity biochemically (Bohnke and Perner 2015) . Combining a fosmid approach, which permits large DNA fragments to be evaluated, with a genetic selection as outlined above could be a fruitful approach.
In this context, it is worth pointing out that a Rubisco deletion mutant of cyanobacteria, which would provide a chassis to evaluate Rubiscos in the highly relevant context of oxygenic photosynthesis, has still not been achieved (Pierce et al. 1989 ). However, a high CO 2 -requiring strain, where the cyanobacterial Rubisco genes have been replaced by the Form II enzyme of Rh. rubrum, is available and can be used to evaluate the performance of specific Rubisco genes in a photosynthetic context (Amichay, Levitz and Gurevitz 1993; Durao et al. 2015) .
CONCLUSIONS
Considering the key position of Rubisco in the global carbon cycle and pressing sustainability problems, it is clear that more resources need to be diverted towards understanding this critical catalyst. We need to more fully appreciate the full diversity of Rubisco form and function (Hanson 2016) , which as illustrated here is most abundant in the prokaryotic realm. This means we need more structures, high-quality kinetic data and most critically mechanistic studies exploring and interrogating the features of mutant enzymes that have been generated by both blind (such as directed evolution) and rational approaches. Most importantly, we need more trained minds intimately familiar with the detailed mechanistic understanding of Rubisco function that was generated in the pioneering work of last centuries' 1980s and 1990s (Andrews and Lorimer 1987; Cleland et al. 1998) . Rare glimpses of the successes in reach exist in the literature, such as the enhancement of Chlamydomonas Rubisco S c/o based on rational insight (Spreitzer, Peddi and Satagopan 2005) . Given all these factors can be fulfilled, we believe that significant enhancements to CO 2 fixation can and will be achieved in all CBB cycle containing autotrophic cellular factories of the future (Schada von Borzyskowski, Rosenthal and Erb 2013).
